According to the need of emergency houses all around the world, the development of a prototype (low cost and high strength structure) which could be placed anywhere becomes essential. This placement could be in susceptible areas to earthquakes, floods or armed conflicts. It has been studied the behaviour of a steel-bamboo hybrid structure compared with a steelaluminium hybrid one (in terms of strength). Finite elements software has been used to simulate both models. It has been obtained the maximum quantity of bamboo which can be placed in the prototype achieving the optimum design. As far as strength is concerned, steel-aluminium is better than steel-bamboo; even though, it exists minimum difference (9.16%), which is despicable considering the advantages of bamboo. When using bamboo as alternative material, displacement varies because of the density of the elements. The structural model becomes lighter and, according to that, it supposes an increase in the displacement (about 0.4 mm).
Introduction
To solve the problem of economic living, the use of bamboo as construction material has a significant potential as it is a low-cost material and easily renewable.
One of the key factors which contribute to those characteristics is the cultivation of the plant as bamboo is often planted through cuttings, not through seeds. This is because most bamboos flower rarely (once in a period varying from 15 to over 100 years) and it is not possible to wait so long. The original culm can be cut into pieces and all young sprouts replanted. Other methods could be: offset method, rhizome, layering, macro proliferation and tissue culture [1] .
According to Liese (1987 Liese ( , 1992 bamboo is the fastest growing plant currently known. In many countries where it is harvested, it is used as structural material. It takes between 3 and 8 years for bamboo to reach its maximum strength properties [2] .
Bamboo cultivation is developed in tropical and subtropical areas with wild climates so the activity remains confined in a range above 45 • latitude North and South until reaching an altitude of 3500 metres [3, 4] . This area is shown in Figure 1 and it is also where most countries with thousands of refugees (because of armed conflicts or natural disasters) are located. Thus, bamboo represents an important resource available for the populations, in case of disaster, to build emergency houses. Considering all those data and knowing that bamboo represents a reliable alternative to expensive and no renewable materials, its use is considered in emergency houses. This type of living must achieve some objectives: low cost, automation and fast assembly and structural security; according to that, bamboo represents one of the best options when building those kinds of houses.
Therefore, it is studied the use, in emergency houses, of a hybrid steelbamboo quadripartite nerves structure, and, to show its benefits, it is compared with another geometry equal structure which is made up by metallic elements: steel and aluminium.
Methodology
Description of the two case study models. Two 3D model of an emergency house are created, one of them with a hybrid structure of aluminum and steel and the other one (attending to the behavior of the steel-aluminum hybrid structure) with bamboo and steel, placing bamboo in the areas where less stresses are located. Both have the same spatial geometry.
Finite elements simulation.
Finally, both models are simulated by finite elements software (ABAQUS) and the results obtained are compared.
Bamboo study.
To demonstrate bamboo's safety, it is going to be compared with other materials: steel and concrete. If a comparison between the stress (s) and the possibility of it to occur (z) is shown, it is obtained the following diagram [5] :
The value of "s use " (allowable stress) is considered as the unit to compare the three materials and show the area of stress at failure for bamboo, concrete and steel. Area of stress at failure:
• Steel is a material produced using a very controlled process and hence, bad specimens are very rare; according to that, the area of stress at failure is narrow and steep so failure under stress occurs in a narrow range.
• At the other hand, bamboo is a natural material and the quality varies widely hence, it exists a large distance between the stress at failure and the allowable stress. Considering this fact, it is important to contemplate a high security factor when designing with bamboo. According to the safety, and as the diagram shows, steel is the optimum material (it has the shortest distance between allowable stress and stress at failure). Even though, in case of natural disaster such as earthquake, steel will suffer much damage as the stresses will raise the area of failure, but bamboo structures will remain in good condition. Then, bamboo in one of the best options to design emergency houses as those are going to be located in vulnerable areas which are susceptible to natural disasters.
Mechanical properties of bamboo.

Material per unit volume.
For most bamboos, the density varies, depending on the specie, between 600-800 kg/m 3 .
The greater the mass per volume, the heavier the bamboo [6] . This property is important as it could give some rules; for example, the bending stress at failure (N/mm 2 ) can be estimated as being 0.14 times the mass per volume (kg/m 3 ).
Relation between inertia moment and cross section area.
Where:
E modulus for cellulose and fibre.
E modulus for bamboo must be divided into cellulose and fibre. Cellulose fibres in bamboo act like steel bars reinforcement in concrete providing strength to the structure. The concentration of fibres goes rising from the internal to the external part of the culm.
• E modulus for cellulose is 70000 N/mm 2 (and about 50% of the cross section is cellulose).
• E modulus for fibres is 35000 N/mm 2 .
Considering that, in most bamboos, the distribution of fibres is concentrated in about 60% in the exterior of the cross section and 10% in the interior, the following values for the E modulus have been took to simulate the model:
• E = 35000 · (0.6) = 21000 N/mm 2 (exterior).
• E = 35000 · (0.1) = 3500 N/mm 2 (interior).
Poisson ratio = 0.3
Bending
• Bending moment produced by wind loads
M, bending moment. z, height. L, maximum value of the height.
• Bending vs. shear according to four-point bending test Vaessen et al.
M, bending moment. F, each of the two loads. L, free span. s, bending stress. I, inertia moment. R, external radius of the culm.
According to the four-point bending test:
L crit between bending and shear could be obtained taking the two values of F as equal:
• e crit = 3.2 ×10 −3
• ER = E in the exterior • R = external radius of the bamboo culm (D/2)
Comparison of bending properties of bamboo to other common building materials.
The following table indicates that bamboo is stronger in bending than timber, and its strength-to-weight ratio (expressed as MOR/specific gravity) is greater than that of all materials listed except carbon fibre.
Deformation.
Tensile strength. To prevent the deformation of the trunk, bamboo culms are tensed by nodes, which reduce the tensile strength of the trunk.
Tensile strength in the external area is about 2 or 3 times higher than in the internal one and it decreases in the trunks which are 5-6 years.
Compression strength.
It increases according to the age: the elder the trunk, the higher the compression strength. Because of the effect of height, the top portion of bamboo has the highest compressive stress 9. Shear strength. Thin walls bamboos have higher shear strength than the ones with thick ones. This is related to de amount of rigid fibres located in the cross section. Shear strength is 50% higher in the nodes material than the in-between nodes material.
Material per unit volume compared with mechanical properties, according to bamboo type [7] . Air-dry bamboo: Green bamboo:
Compression: 0.075 Bending: 0.14 Bending: 0.11 Shear: 0.021 The concentration of fibres in the external part of the culm improves not only the elasticity values, but also the ones for tensile, bending and shear.
Flame resistance.
Because of the amount of silicon acid in bamboo cortex and the high density of the material, bamboo could be classified as a flammable but low-fuel element. Flame resistance depends on the position of the components, as the horizontal ones are not as susceptible to ignition as the vertical or the diagonal ones.
Shear behavior.
Bamboos have good behavior under compression loads, where there are no deformations or breakups in tube walls. Fractures use to occur when bending tests are carried out. [10] . Shear behavior of normal construction timber differs significantly from shear bamboo (guadua) conditions.
Mechanical behavior of bamboo guadua in comparison with timber
In bamboo structures, clefts are driven out of the direction of fibres and critical regions are punished. Energy transfer is delayed by dissemination. The distribution of longitudinal clefts all along the culm is stopped by the strength of nodes (strengths under pressure and shear are given by nodes). Those facts are called as the factors which increases shear strength.
The energy needed too impact a guadua stem is close to be the same as if the impact hits the node or the internode. Even though, shear conditions in each one are totally different. On one hand, if impact occurs in the node, the culm will break into axial strips; this is the result of the action of any force acting on the vertical strength of fibres. On the other hand, if impact occurs in the internode it will break because of any force acting on the tensile strength of the fibre.
Calculation of allowable stresses [11] . According to the Board of the Cartagena Agreement (Junta del Acuerdo de Cartagena, Quito, Ecuador, 1984), in which the main criteria for the use of wood (timber or bamboo) in construction are established, the following factors should be used when designing with bamboo to calculate the structural behavior:
• Reduction factor according to the quality of the product (QF): this factor must be applied because of the variation in the quality of the product (sometimes bamboo guadua could be cracked or it could have small isolated holes).
• Service and security factor (SF): this factor is applied to achieve a proper structural behavior. Last stresses are divided by this factor thus stresses in service conditions are obtained.
• Reduction factor because of size (RF): shear stress decreases in flexion as cross section increases. The same happens in parallel traction to fibres.
• Time factor (TF): shear stresses decrease when the time of application of loads increases.
• Humidity factor (HF): stresses decrease according to the amount of humidity found in the product. It is critical when the material stands in green state. Thus, the higher the amount of humidity, the higher the stresses.
Considering all those factors, the Board of the Cartagena Agreement indicates the following values: Therefore, the allowable stress (AS) equation is the following one:
AS = [(QF × SF × HF)/(SF × TF)] × last stress
Description of the two case study models.
To show the results of bamboo behaviour as structural material we have developed a study of two identical models in geometry but different in the construction elements used: one of them, model A, is made up by steel and aluminium elements; meanwhile the other one, model B, is made up by steel and bamboo.
In both models, the same loads have been applied [12] : 
Finite elements simulation
To study both models, it has been used finite elements method tool because it allows not only representing complex geometries, but it also allows the interaction between the different structural elements in the prototypes. The structure in the software is divided into small interconnected elements by points called nodes. The equations which define the continuum behavior also define the element's one. So, the continuum system with infinite degrees of freedom turns into another one with finite degrees of freedom [13] .
The next table shows the problem size (divided by its different factors) faced by the software to calculate and show the behavior of the 3D modelled structure: There are multiple choices to simulate bamboo behavior by finite elements [14] :
• Modelling of bamboo strip according to its morphology. It is important to consider the physical properties of the material's microstructure. This type of modelling would be useful to determine strength, fracture toughness and fatigue life.
• Laminated composites. The material could be laminated as a composite with several unidirectional continuum layers each with unique mechanical properties. This would be optimum to study the bending behavior of bamboo subjected to different loading types • 2 Layer composite. This is the simplified version of the laminated composites simulation. Bamboo elements are divided into two layers with different mechanical properties where the outer layer in much stronger than the inner one. This last choice is the one which provides better computational efficiency as the model has been simplified; thus, the numerical analysis would be faster.
According to the characteristic of every modelling option, previously described, 2-layer composite is the one that has been chosen to perform the numerical analysis by finite elements. Once the analysis method has been chosen, the two models are imported to Abaqus and the materials of its elements are properly defined in the software [15] following the previous mechanical properties study of bamboo, steel and aluminum. Also, the connections (tie) between pieces have had to be specified to achieve the correct results, as well as the loads applied to the structure.
Next, the mesh is defined by using tetrahedral elements in the whole model to show the right behavior as possible. 
Results and Discussions
The security factor of the model's structure has a value of 1.1, which allows both of them to resist the applied loads.
The areas which suffer low stresses could be seen in both models. This area are located in the middle part of the elements; i.e. every element in the frame, every element in the crossings and in the supports). Those zones are susceptible to be replaced by an alternative material, which could have less strength, less weight and less cost. This is the reason why bamboo has been placed in those areas in model B.
Steel elements absorb higher loads in the hybrid steel-bamboo structure. Next is detailed a comparison of the stresses distribution between both case study models:
As it is seen in Figure 7 , steel is the material which absorbs higher loads in both models.
There is a fairer distribution of the loads in model A (steel and aluminum structure) than in model B because in this one the stresses are concentrated in metallic elements, as it is shown next:
We can see that maximum stresses occur, in both models, in the connection between supports and the lower structure. This is the reason why those elements must be made up by steel.
In the next figure can be seen are shown steel elements in model B, which are the ones that absorb the stresses.
Regarding to the behavior of aluminum and bamboo, as it is shown next, we can see that the first one absorbs more stresses that the second one. We must consider that aluminium is placed all along the upper structure, also in the upper connection. On the other hand, bamboo is used in areas where less stresses are suffered. According to displacement, in model B, when applying bamboo as alternative material it has less density and, because of that, it has a displacement about 0.4 mm higher than model A. 
Discussions
According to the study, it can be seen that both models have a similar strength to the loads applied showing a security factor of 1.1 in both prototypes. Nevertheless, the loads absorption is better distributed in modelA (steel and aluminium) because in model B are the steel elements which absorb the stresses. The vulnerable areas are located in the connections between the elements, concretely in the connections between the supports and the lower structure. Thus, steel elements must be used.
In response to the question of how much strength does steel-aluminum or steel-bamboo give, the following diagram is elaborated:
The diagram (calculated as the strength divided by the mass) shows that, as far as strength is concerned, steel-aluminum is better than steel-bamboo; even though, it exists minimum difference (9,16%), which is despicable considering the advantages of bamboo.
The diagram (Figure 8) shows that model A, made up by metals, when the building is under normal conditions, resists better the stresses; even though, in case of disasters such as earthquakes, model B (steel bamboo) would resist better the stresses according to its mechanical properties (good bending behavior).
When using bamboo as alternative material, displacement varies because of the density of the elements. The structural model becomes lighter and, according to that, it supposes an increase in the displacement (about 0.4 mm higher than model A).
Conclusions
For further research, it would be interesting to evaluate the methods of treatment of bamboo guadua such as drying or waterproofing or even preservation methods, in order to determinate if those actions cause an alteration of bamboo mechanical properties, particularly attending to the strength of the material. An investigation into environmental degradation of bamboo would be needed to test bamboo utility in long term use [16] . Thus, considering the low cost of bamboo and its benefits due to its mechanical properties bamboo, the material has huge potential obtain a structural use [17, 18] . 
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